ABSTRACT: We present the experimental observation of spectral lines of distinctly different shapes in the optical extinction cross-section of metallic nanorod antennas under near-normal plane wave illumination. Surface plasmon resonances of odd mode parity present Fano interference in the scattering cross-section, resulting in asymmetric spectral lines. Contrarily, modes with even parity appear as symmetric Lorentzian lines. Finite element simulations are used to verify the experimental results. The emergence of either constructive or destructive mode interference is explained with a semianalytical 1D line current model. This simple model directly explains the mode-parity dependence of the Fano-like interference. Plasmonic nanorods are widely used as half-wave optical dipole antennas. Our findings offer a perspective and theoretical framework for operating these antennas at higher-order modes.
M
etallic nanorods are exploited as biological imaging probes and widely used as generic plasmonic dipole antennas operating at optical and near-infrared frequencies, forming an analogue to classical half-wave dipole antennas. Nanorod antennas are an excellent tool for the manipulation of a variety of nanoscale light−matter interactions. 1, 2 They form the building blocks for Yagi-Uda antennas which allow directional control of light, 3−6 or they can act as active optical antennas for photodetection by generating hot electrons. 7 Recently, it was demonstrated how plasmonic nanorods can be used to efficiently convert the radiation of quantum emitters into novel multipolar sources of photons owing to the higherorder localized surface plasmon resonances (LSPRs) supported by these antennas. 8, 9 The fundamental dipole and higher-order antenna modes have been extensively studied experimentally using optical spectroscopy 10−15 and a broad range of mapping techniques based on, for example, scanning near-field microscopy, 16−19 two-photon induced luminescence (TPL), 20 cathodoluminescence, 21 multiphoton absorption in photosensitive polymers, 22 electron energy loss spectroscopy (EELS), 23 and photocurrent mapping. 24 Likewise, theoretical investigations have elucidated the antenna modes' scaling properties and their dependence on the shape, size, and dielectric environment by using a variety of methods. 12,13,25−27 Despite this large interest in nanorods, only very few reportsall theoreticaladdress the scattering behavior with a focus on the spectral line shape. 28−30 Plasmon resonance, as a wave phenomenon, is expected to present interference characteristics. The wave nature of propagating surface plasmon polaritons (SPPs) was elegantly demonstrated with a Young's double slit experiment. 31 For localized surface plasmon resonances, the interference of spectrally overlapping and coupled modes is well-recognized to affect the scattering behavior of the nanostructure under investigation. 32, 33 In particular, the interference of a broad background continuum state with spectrally sharp higher-order resonances, as schematically illustrated in Figure 1a , can lead to a spectral response with asymmetric Fano-like line shapes in a variety of nanoparticle configurations such as nanosphere clusters, 34 asymmetric dolmen-like nanorod arrangements, 35, 36 disk-ring arrangements, 37, 38 nanocrosses, 39, 40 and others. 32, 41 Fano resonances can also be substrate-induced in nanorods with a low aspect ratio. 42, 43 Only recently, it was indicated that Fano resonances may appear for individual high aspect ratio nanorods provided that interacting modes overlap in both spatial and frequency domains. 28, 29, 44 The narrow asymmetrical line shape of a nanorod's Fano interference is, for example, more favorable for label-free biosensing than broader Lorentzian resonances, 30 can be essential for slow-light metamaterials due to its strong dispersion, 45 and can be applied for low-loss plasmonic wave guiding.
Here, we study, both theoretically and experimentally, the spectral line shapes of nanorod antennas in detail, using extinction spectroscopy and finite element simulations. When a nanorod is illuminated with light that is polarized along its long axis (as in Figure 1b ), charge density waves at the surface of the metal are excited, which can form standing wave-like FabryPeŕot resonances. 17, 46, 47 Here, the resonance mode index l is defined as the number of half plasmon wavelengths λ p /2 that fit the antenna cavity at resonance and coincides with the number of charge nodes in the corresponding charge density distribution. These longitudinal antenna modes can be separated in two categories based on the mirror symmetry of their respective charge density. As shown in Figure 1c , modes of odd parity have an antisymmetric distribution consisting of an odd number of charge nodes l, while even parity modes are symmetric in their charge distribution and have an even number of charge nodes. As we will show, a distinct spectral behavior is found for even and odd parity modes. First of all, the mode parity strongly determines its coupling to light. For example, even modes will not couple to a p-polarized plane wave that impinges perpendicular to the nanorod's long axis. Retardation of the incident electromagnetic field along the nanorod's length is required to excite even parity modes, which can be achieved by oblique incidence of the plane wave. 11 It will further be demonstrated that not only the coupling efficiency to plane waves strongly depends on the mode parity, but also the mode's spectral line shape. We will show that odd modes present asymmetric line shapes characteristic for Fano interference, while symmetric Lorentzian lines appear for even modes. By a detailed analysis of calculated absorption and scattering cross-sections (ACS, SCS), destructive and constructive mode interference in nanorod antennas is revealed. The resulting Fano resonance line shapes are experimentally observed for first-, third-, and fifth-order antenna modes and are in excellent agreement with simulations for different rod lengths. The dimensionless factors q i that describe both the intensity of resonances and their degree of asymmetry (and are connected with the so-called Fano factor 48 ) are determined from a fit to the experimental data. They are found to depend linearly on the antenna length, in agreement with earlier theoretical work. 29 A semianalytical model based on a onedimensional (1D) wire reproduces the observed line shapes and gives an intuitive understanding of the underlying interference mechanisms.
A scanning electron beam microscopy (SEM) image of the nanorod antennas studied in this work is shown in Figure 1b . The nanostructures consist of sputtered gold with a thickness of 50 nm (= antenna height H) and are supported by a glass substrate. They were fabricated using electron beam lithography with negative-tone hydrogen silsesquioxane (HSQ) resist, subsequent Xe ion milling, and a sulfur hexafluoride + oxygen dry etch. 39 This last step is applied to remove the remaining resist on top of the particles and etches part of the substrate such that the nanorods are mounted on a pillar. The bright rim on top of the particle seen in the SEM image results from gold redeposition during the ion-milling step. The antennas have a width W of 70 nm and are arranged in 50 × 50 μm 2 square arrays with a pitch of 2 μm in order to avoid near-field coupling and diffraction related effects.
Two measurement configurations, schematically illustrated in Figure 1d , are used to experimentally investigate the nanorods' optical extinction (1−transmission) spectra. Using a low NA = 0.1, 4× magnification objective to excite the nanorod sample, a normal incident plane wave is approximated (top configuration). The transmitted light is collected by a 20× magnification, NA = 0.45 semiapochromat objective. Rather than tilting the sample, 11 off-normal excitation is achieved by using two identical reflective objectives (15× magnification, NA = 0.4) which create (and collect) a light cone with 10°≲ θ ≲ 23°(bottom configuration). Spectra are taken with a Fourier transform infrared (FTIR) spectrometer equipped with a microscope (Bruker vertex 80v + Hyperion). The light of a tungsten lamp is polarized, spatially filtered with a metal knife edge aperture, and finally detected with a Si diode detector in the visible/near-IR and a liquid nitrogen cooled mercury− cadmium−telluride (MCT) detector in the near-IR/mid-IR. All spectra are normalized to a reference spectrum taken on the bare substrate under identical conditions. Extinction, scattering, and absorption spectra, as well as the charge density distribution, are calculated from finite element method (FEM) simulations with the RF module of COMSOL Multiphysics finite element software, version 4.3. The dielectric permittivity of gold is obtained from ellipsometry data of the gold films used in our fabrication process. These data match well the values reported in literature. 49 In the simulations, the nanorods are positioned on a flat substrate with refractive index n = 1.524. The antennas are modeled as elliptic cylinders (H = 50 nm; W = 70 nm) with hemiellipsoidal ends, as shown in Figure 1b . The antennas are illuminated by a plane wave that impinges with a given angle θ and is polarized along the antenna's long axis. More details can be found in the Supporting Information. Figure 2a shows the simulated extinction cross-section (ECS, black line), scattering cross-section (SCS, red line), and absorption cross-section (ACS, green line) for a nanorod of length L = 470 nm illuminated by a normal (top, θ = 0°) and off-normal (bottom, θ = 16°) incident plane wave. Normal incidence couples only to odd modes (l = 3 shown), while offnormal incidence results in the excitation of the even order l = 2 mode at λ = 900 nm simultaneously with the odd order l = 3 mode at λ = 670 nm. When comparing absorption with scattering, the effect of the mode parity on the antenna's spectral behavior becomes evident. In absorption both modes present a symmetric Lorentzian resonance line shape. In the scattering spectrum, however, the odd mode is asymmetric, and the absorption maximum is located at the longer wavelength slope of the scattering resonance. This indicates the occurrence of interferenceconstructive at the lower wavelength side of the absorption resonance, while destructive at longer wavelengths. This behavior is characteristic for a Fano resonance where a sharp higher-order mode interferes with a broad lower order mode or continuum. 32, 48 This result shows that Fano-like interference in the scattering cross-section, which was recently theoretically demonstrated for nanorods of various geometries, 29 persists in the asymmetric dielectric environment introduced by a glass substrate. Note that the current situation is different from the substrate-induced Fano resonances reported in refs 42 and 43 for low aspect ratio nanorods. The high aspect ratio of the investigated rods and relatively low refractive index of the substrate ensure that only longitudinal antenna modes spectrally overlap and contribute to the interference. Figure S1 in the Supporting Information compares the SCS with and without substrates, evidencing that the Fano interference is not substrate-induced.
Experimentally, the light transmitted through the nanorod sample is detected and plotted as 1−transmission. Consequently, the resulting spectrum is a combination of the light intensity absorbed by the antennas and (part of) the light scattered by the antennas. It should therefore by compared to the calculated extinction spectra. Although less pronounced because of the symmetric absorption component, the extinction still shows spectral asymmetry, evidencing the spectral interference contributed by the scattering. Figure 2b shows the experimental extinction spectra of a nanorod array with L = 470 nm. A corresponding SEM image is shown on top of panel a. When measured in the normal plane wave excitation configuration (illustrated in Figure 1d ), using a low NA objective lens, only the odd order modes l = 3 at λ = 670 nm and l = 1 at λ = 1650 nm (outside the displayed spectral window) are excited (bottom curve). In off-normal excitation configuration, as expected, the second-order l = 2 mode appears (top curve). Most importantly, the asymmetric Fano and symmetric Lorentzian line shapes of the l = 3 and l = 2 modes, respectively, are experimentally reproduced.
Since this Fano interference phenomenon is parity related, other odd higher-order modes can be expected to present similar behavior. To get higher-order modes at frequencies above the strongly absorbing gold interband transitions, the nanorod length needs to be increased. The simulated crosssections for a rod with L = 720 nm is shown in Figure 2c and corresponding resonance charge density distributions in Figure  1c . As was the case for the shorter rod in panel a, the symmetric absorption resonance is located in the longer wavelength slope of the scattering resonance of both the third-and the fifth-order modes, indicating interference. The even fourth-order mode, similarly to l = 2 of the shorter rod, shows a symmetric scattering behavior. The corresponding experimental results are shown in panel d. The asymmetric Fano profiles are clearly In order to reproduce the actual experimental conditions in the simulation model, the full excitation light cone of the reflective objective is taken into account in the simulation results shown in Figure 3b by averaging over the illumination angle within θ = 10−23°. The experimental spectra obtained with off-normal excitation for different antenna lengths L between 320 and 470 nm (panel a) show excellent agreement with the calculated extinction (black lines). As expected, the relative heights of the resonances are slightly modified by the averaging, giving a good agreement with the experimental relative peak intensities. Corresponding scattering spectra are shown by the red lines. Both the even and the odd modes red shift with increasing L, as expected for a linear antenna. 25 Individual SCS spectra of the L = 470 nm rod for θ ranging from 0°(normal incidence) to 60°(oblique incidence) can be found in Figure S1 in the Supporting Information.
As the next step to a proper understanding of the experimental line shapes, we present in Figure 3c fits to the experimental spectra (black dots) with a heuristic Fano model (red lines) within the energy range encompassing the l = 3 and l = 2 resonances (left) and also the l = 1 resonance (right). Without entering into further details (see Supporting Information), let us say that such a theoretical framework provides an effective and flexible description of the interaction between illumination and longitudinal plasmon resonances in metallic nanorods of different geometries. Quantitatively speaking, the interaction with odd modes is governed by dimensionless real parameters q i that account for the line shape asymmetry while simultaneously measure their relative intensity with respect to the finite background. As it has been recently pointed out by other authors, 50, 51 this "convolution" makes q i to deviate from the precise meaning of the asymmetry factor in the canonical Fano model. However, the obtained agreement is really good, which confirms the overall validity of our approach. From the experimental data and fits in Figure 3c , it can be seen that also the first order (l = 1) antenna mode presents an asymmetric Fano line shapebe it weaker than that for l = 3. FEM simulations of the SCS and ACS including the l = 1 mode are shown in the Supporting Information ( Figure S3 ). The obtained factors q 3 (for l = 3) and q 1 (for l = 1) are included in panel c and show a linear dependence with nanorod length L (see inset). This behavior can be summarized as "the more elongated the particle, the more pronounced the resonances" and confirms our previous theoretical results for similar nanorod geometries. 29 Although really convenient from a practical point of view, the heuristic model lacks any predictive ability for a given system in the absence of previously either measured or calculated spectra. In order to overcome such limitation and to further elucidate the mechanisms giving rise to the Fano interference of the oddparity modes, we present hereafter a 1D line current model that directly explains the emergence of either constructive or destructive interference as stemming from the mode-parity dependence of the Fano-like interference.
Following ref 47 , we assume that a nanorod of length L, when illuminated by a plane wave of frequency ω, as shown in Figure 1b , behaves as an antenna with a current density which can be expressed in terms of the electric field inside the nanorod as
Note that, in contrast to ref 47 , displacement currents are also included in eq 1. For an elongated, thin nanorod located along the z-axis, such current density is uniform in the transverse plane and can then be written as a 1D line current I(x) = I(z)z, where
The first term is induced by the illuminating field with k || ≡ k 0 sin θ and amplitude E 0 , with
The other two terms are counter-propagating plasmons, characterized by the corresponding wavevector k p (ω), with
for θ ≠ 0, and:
for θ = 0. The reflection coefficients r account for radiation losses experienced by the plasmon wave upon reflection from the nanorod cavity walls. 8 Bear in mind that the propagating plasmon dispersion k p (ω) differs from that of a surface plasmon polariton propagating along a metal surface or slab. Rather, it corresponds to the dispersion of the lowest TM mode of an infinitely long cylinder with frequency-dependent permittivity ϵ(ω). In Figure 4b the (complex) plasmonic mode's dispersion relation (k z = k p ) used in the model is shown, which corresponds to the same crosssectional shape as that in the FEM full numerical simulations. For our specific nanorod-on-substrate arrangement, the impact of the substrate is approximately taken into account by assuming a homogeneous surrounding medium with an effective refractive index in between that of vacuum and glass.
The electric far-field generated by a current I(x) = I(z)ẑin the nanorod necessarily exhibits axial symmetry and has the form:
where η 0 stands for the impedance of the incident medium, k 0 for the incident wavevector, S rod xy = πWH/4 for the geometric cross-section of the nanorod, and θ s for the (polar) scattering angle. The power scattered to the far-field, normalized by the incident intensity, namely, the scattering cross-section (SCS), simply reads:
Likewise, the absorption cross-section can be calculated through the expression:
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where ϵ r ″(ω) is the imaginary part of the relative dielectric function and c 0 the speed of light in vacuum. Therefore, the plasmon modes and related spectral line shapes originate in this simple antenna model from the current density in eq 2. It follows from the amplitudes of the plasmonic terms I p± that for the particular case where r = −1 plasmonic resonances appear for vanishing sin(k p (ω)L) = 0: namely, at nanorod lengths that are multiples of the halfplasmon-wavelength, as expected. In particular, at θ = 0°, k ∥ = 0, the current density reduces to the simple expression:
The latter current yields only odd (l = 1, 3, ...) plasmon resonances at normal incidence with respect to the nanorod axis, even modes being forbidden, as expected from polarization/symmetry arguments and the experimental and simulation results in Figure 2 . Recall that odd (even) mode symmetry refers to the charge distribution, manifested as even (odd) current density. It follows from eqs 7 and 8 that the radiation from such odd modes interfere with that of the continuum-like background induced by the illuminating field (first term in the rhs of eq 10), which exhibits the odd symmetry (even current) similar to the odd, lowest-order mode (in turn similar to a half-wavelength antenna pattern). In the case of off-normal incidence, even modes emerge. Nonetheless, such terms exhibit odd current densities proportional to sin(k p (ω)z) in eq 2, thus leading to vanishing interference with the broad background for near-normal excitation. The model conveniently allows one to separate the different contributions to the electric far-field (eq 7), and thus to the SCS (eq 8), coming from the various currents flowing in the nanorod. In Figure 4a (θ = 15°), the contributions to the SCS from the forced current I || (top graph) and the plasmonic currents I p± (middle graph) are plotted. The bottom graph shows the interference term proportional to ∫ (E θ s,p± E θ s,∥ * + E θ s,∥ E θ s,p± * )d(sin θ s ) which accounts for the interference of the electric far-fields originating from each current. Summing up the background continuum and plasmonic contributions, together with the interference term, one recovers the total SCS, which is plotted in panel c (red line). From the interference term, it is understood that, for the odd modes, at wavelengths shorter than the resonance wavelength, the total SCS increases (constructive interference) while at longer wavelengths the SCS decreases (destructive interference). Note how this decomposition of the nanorod's scattering components resembles the coupling process illustrated in Figure 1a . The unknown element there was the interference/ mixing term represented by the double black arrow.
The total scattering together with eq 9 for the absorption allows a direct comparison of the model predictions for the extinction cross-section (ECS) with the experimental results. In Figure 4c we compare the experimental extinction spectrum of the L = 470 nm rod (black dashed line) with the predictions of the model (black solid line). Also the different contributions to the ECS, namely, the scattering (SCS, red solid line) and the absorption (ACS, green solid line), as obtained from the model, are depicted. Interestingly, the model correctly describes the fact that for the odd modes the maximum of the ACS is redshifted with respect to that of the SCS, in agreement with the FEM simulations in Figure 2 . The inset shows a zoom-in on modes l = 1, 3 and l = 2 highlighting the, respectively, asymmetry and symmetry and includes the background SCS || (gray line) and plasmonic SCS p (cyan line) contributions. All results are normalized to the maximum of the ECS. Figure 4d makes a comparison for the l = 2 and l = 3 resonances between experimental ECS results (black lines) and ECS model predictions (red lines, θ = 23°) for different rod lengths, as in Figure 3 . Figure S4 in the Supporting Information shows an extended spectral range including the first-order mode. The spectral positions as well as the Fano and Lorentzian line shapes of the three lowest order antenna modes are very well reproduced. In all line current calculations we have taken a constant reflection coefficient r = −0.72 and an additional length L add = 15 nm. Both quantities could depend on the wavelength. Equivalently, a complex reflection coefficient could be taken, which is fully justified to be frequency-dependent. This would further improve the agreement. However, such refinements are out of the scope of the present work, and the agreement is already evident by taking only constant values. In the Supporting Information, Figure S5 compares the model predictions with FEM calculations for a silver nanorod indicating the validity of the model for higher-order resonances up to l = 6.
To summarize, both Fano-type and Lorentzian-type resonant spectral line shapes are experimentally observed in the optical extinction of gold nanorod antennas under near-normal plane wave illumination. Surface plasmon modes of even parity were found to give rise to symmetric Lorentzian line shape, while modes of odd parity present Fano interference with a spectrally broad dipolar background continuum resulting in asymmetric line profiles. The experimental data were verified by finite element simulations. An analytical one-dimensional line current model accurately reproduces the spectral positions and line shapes of the different modes supported by the nanorod antenna and reveals the mechanisms leading to the parity controlled interferences in the scattered light. The occurrence of Fano interference generally affects the in-and out-coupling of light to matter. 48 The presented results therefore have important implications for a wide range of applications using optical nanorod antennas. In V-shaped nanorods, for instance, the Fano interference of the third-order antenna mode gives rise to unidirectional side scattering of a plane wave and unidirectional emission of a quantum emitter.
52 Nanorod heterodimers were recently shown to present plasmon-induced transparency, a phenomenon based on Fano interference, at visible wavelengths. 53 Due to the extreme dispersion and slowing of light, this effect presents great potential for optical information processing and high sensitivity sensing.
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